A prospective clinical study was done on 20 patients referred for computed tomography within 28 hr of a cerebral ischemic event. The patients were scanned before, immediately after, and 3 hr after a high dose of intravenous contrast medium was administered to produce prolonged high blood iodine levels. In seven patients the delayed scan demonstrated a heretofore undescribed type of contrast enhancement which represents the early massive vasogenic edema seen in experimental animals before confluent hemorrhagic infarction. Four of the seven patients developed hemorrhagic infarction. None of the remaining 11 patients with cerebral infarctions and conventional postenhancement CT patterns showed hemorrhage on follow-up CT scans or at autopsy. Two patients with transient ischemic attacks had normal CT scans. It may now be possible to predict patients in whom there is high probability of hemorrhagic infarction before blood appears on CT. Treatment of these patients should probably be aimed at preventing the devastating effects of the vasogenic edema. We speculate that heparinization or bypass surgery to reestablish circulation may be contraindicated in this group.
Previous contrast-enhanced computed tomographic (CT) studies have indicated that enhancement is rare ly if ever apparent in cerebral infarcts within 5 days of onset [1] [2] [3] . It has been recommended , therefore , that enhancement be used only during the period of neovascularization (5 to 20+ days after onset) when contrast extravasation can be used to detect " isodense " cerebral infarction. Thus contrast CT has not been routinely used during the critical hours immediately after onset when vital therapeutic dec isions must be made.
The reported absence of early CT enhancement in humans after standard doses of contrast med ia contradicts work in primate models of cerebral infarction (in which transient arterial occlusion and subsequent microembolization were induced) that document vasogenic edema of early onset [4] . Since enhancemnt was consistently seen in the primate on CT as soon as 90 min after fragm entation of the carotid embolus, the reported lack of ea rly enhancement in human infarction became suspect.
Our investigation was undertaken to determine whether a CT scan immediately after a higher dose of contrast medium (80 g iodine) or a delayed scan (3 hr later) could reveal early vasogen ic edema (i.e ., persistent contrast enhancement) in patients with cerebral infarction .
Subjects and Methods
At the U.S . Veterans Administration Medica l Center, during a period of 13 months, we examined 23 adult male patients who were referred for CT during the first 28 hr after a well documented cerebral ischemic episode. Eac h patient's entry into th e study was determined by the referring physi c ian . Three were subseq uently exc luded from th e seri es because, despite Valium sedation, pati ent motion prevented us from obtai ning adeq uate cran ial sc ans. Patients in poor clinical co ndition who might have a cause other than cerebral AJNR:2 . March i April 1981 • Specific ca use nol noted in cl inical records.
infarc ti on for th e sudden onset of neurologic dysfunction were often enrolled by c linic ians in this seri es. In this respect our study differs from other reports on CT of cerebral infarction which fai led to mention c linical outcome [1 , 3] , excluded the 25% or more of patients [5] who died within 30 days after onset [ 2] , or preselected a population of infarctions with an astonishing low 1 .2% mortality rate [6] . Each of the 20 patients was scanned before contrast infusion . Then 270 ml of diatrizoate meglumine (R eno-M-DIP) was administered intravenously in 2-3 min . Immed iate contrast CT scanning began at th at 'point. During the first 5-9 min of th e scanning, an add itional rapid drip of 300 ml of the same contrast substance was given . One or more delayed high dose scans were obtained at intervals th ereafter.
Th e delayed high dose scans were overlapped to enable accurate compari son with immediate scans. All studies were done on an EMI 1010 scanner and identical win dow setti ngs were used for filming all scans. Each examinatio n was th en evaluated and placed in one of four groups accordin g to en hancement pattern . Th ey were further corre lated with th e medical records and add itional follow-up preinfusion and delayed high dose scans to discover whether their appearance might be useful for predicting th e ultimate c linical outcome. This information is summarized in tables 1 -3. The find in gs on high dose con trast immediate and delayed scans we re compared with data reported in CT of acute cerebral infarction after standard contrast administration . [1 -3] . The c linical statu s at time of scan was assigned usin g th e mod ified Math ew System suggested by 
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Frith z and Werner for all eight patients who died [5] . Six of the eight underwent autopsy .
After th e brain was fi xed in form alin , it was sectioned at the CT plane of interest and appropri ate levels were processed for wholeorgan sec tion s. Brain slices (1 2 JLm), c hosen after evaluation of CT findin gs, were stained with alum hemotoxy lin , eosin-phloxin e-organe G, modified Snook silver stain, and Lu xol Fast Blue/ Periodic Acid Schiff. All of th ese preparations and th e gross specimens were reviewed and correlated with the findings on the pre-, post-, and delayed high dose con trast scans. A detailed analysis of microscopic findings will be th e su bj ect of a separate report.
For the purposes of this study, a hemorrhagic infarct is defined as a grossly visible area of confluent hemorrh age. Very small perivascular hemorrhages th at can be seen in most recent infarctions were not considered to indicate hemorrhagic infarction . Vasogenic edema is defined as a leakage of a protein-containing plasma filtrate from vessels into the extracellular spaces of th e brain caused by a defective blood brain barrier. Cytotoxic edema, which occurs in infarction , is swelling of brain ce ll s. (A third type of edema, not seen in infarction , is interstitial edema, which is primarily found in hydroceph alu s whe n fluid moves from the ventric les into the brain [7] .)
Results
Immediate and delayed postinfusion scans were divisible into four groups. There was a focal absence of gray matter enhancement in all patients with verifiable infarction (groups [1] [2] [3] but this was the only finding in patients c lassified as group 3.
Group 1 (table 1)
A large, inhomogeneous zone of contrast enhancement appeared on delayed scans in areas of infarction which demonstrated normal or decreased attenuation coefficients on preinfusion scan. The area of enhancement developed during the delay period and intensified between the 1 and 3 hr delayed scans. In two cases a small dense nodule of en hancement was evident on the immediate postinfusion scan located at what, on delayed scan, proved to be the margin of the enhancement (table 1, cases 5 and 6 ; figs . 1 and 2). In six cases the enhancement was wedge-shaped, sharply marginated , and contained foci of very dense contrast. Its base was at the cortex and its apex extended into the white matter toward the ventricle. The sulci at the base and the ventricle near the apex did not become compressed during development of delayed enhancement. Mild generali zed " mass effect," if evident on preinfus ion examination, did not change during th e postinfusion CT sequences (figs . 3 and 4). The " mass effect " noticeably increased after hemorrhage occurred (24 hr later) in one case (Fig . 2) . In all cases the cortical part of the wedge enhancement was located at the periphery of the midd le cerebral artery territory . In one case the basal ganglia and centrum semiovale developed delayed enhancement without cortical invo lvement (table 1 , case 7) .
In four of the seven cases the area of delayed enhancement was subjected to pathologic exam ination . Three patients were autopsied (12 hr, 4 days, and 10 days afte r scan) and one underwent surgery (1 day afte r scan). In th e three autopsied cases, gross hemorrh ag ic infarction had occurred in the wedge zone of delayed enhance ment. In one of these , at autopsy 12 hr after th e sca n, only part of the wedge demonstrated hemorrhage, the rest demon strating severe gray and white matter damage. The fourth patient, at surgery 26 hr after CT examination , had a huge hemorrhagi c infarction . Thi s was the only patient with hemorrhage on the preinfusion scan (table 1 , case 5; fig . 2 ).
Two p atients (table 1 , cases 1 and 7) in the group survived and recove red function; subsequent CT scans showed no ev idence of hemorrh agic infarction. A follow-up scan co uld not be obtained in case 4; however , th ere was c lini cal recovery.
Group 2 (table 2)
Th ere was imm ediate and persistent co ntrast enhancement of parts of the gray matter in infarcted zones. Delayed co ntrast scans demonstrated no evidence of the delayed enhance ment described in group 1 ( fig . 5 ) .
Pathologi c correlation was available in case 5 when an autopsy was don e 45 days after onset of cerebral infarction . The zones of cortex that showed dense persistent enhancement did not d iffer from other areas of anem ic infarction which were either undetected or demonstrated on ly absence of normal co rtical enhance ment. In this case and the five others in group 2 , there was no signifi can t improvement in neurologi cal deficit.
Group 3 (table 3)
Ab sence of no rm al pattern of corti cal en hance ment was the only finding . Two patients expired (30 min and 10 days afte r scan). Pathologic examin ation revealed anem ic infarcti on in eac h. There was sig nificant cli ni cal improvement in eac h of the three other cases.
Group 4
The pre-, post-, and delayed 1 and 3 hr high dose scans were normal in the two group 4 patients, examin ed 2 and 24 hr afte r transient ischemic attacks which occurred as inc id ental events prior to a sc hedu led CT examination .
Review of Fatal Cases

Group 1
Case 2. A 66-year-old man wit h a hi story of right middle cereb ral artery infarct was ad mitted in a coma after a seizure. He had atri al fibrill ati on and bilateral hem iparesis. CT demonstrated delayed wedge enhanceme nt. He was treated for 2 days with heparin which was discontin ued when he developed gastrointestinal bleeding . Four days after ad mission, without regaining co nsciousness , he AJNR :2, Marc hI April 1981 died of a pulmonary embolus. Autbpsy demonstrated hemorrhag ic infarc tion of the area of delayed wedge enhancement ( fig. 4) .
Case 3. A 58-year-old diabetic male with renal insufficiency and congestive heart failure from previou s myocardial infarctions was being treated for atri al fibrillati on wh en he suddenl y became comatose and developed a right hemiparesis. CT demonstrated delayed wedge enhancement. His cardioneurological status improved, and 3 days later he was transferred from th e intensive care unit. He aspirated, became septic, and developed renal and hepatic failure . Antibioti c therapy was ineffec tive and he died 10 days later. At autopsy a hepatitis B surface antigen was discovered in addition to cardi ac thrombi , infarction of both kidn eys, and hemorrhagic infarction of th e area of delayed wed ge enhancemen t seen on CT ( fig . 3) .
Case 5. A 63-year-old male alcoholi c with ad vanced c irrhosis, secondary marrow suppression, and a platelet count of 14,000 was Wedge enhancem ent which deve loped without distorting adjacent vent ri c le. " Nodular" enhancement has en larged in E and F (arrowheads). G-I, Autopsy specimens 12 hr afte r scan. Hemorrh ag ic infarction at left convexity. Mi croscopic evidence of infarction and whi te matter necrosis throughou t zone of wedge enhancement was found .
admitted in coma, septic , and experi encing periods of significant hypotension. Antibiotic therapy was ineffective. Five days after ad mi ssion his neuroligic condition ' 'deteriorated ." CT demonstrated delayed wedge enhancement. Three-vessel angiography 1 day later showed onl y occlusion of th e right internal carotid artery (which had been present years earli er). Repeat CT 26 hr later revealed hemorrh age in the area of delayed wedge en hancement. He was treated with pl atelet transfusions. A decompression craniotomy was performed . He continued to decline until death 11 days later ( fig . 2) .
Case 6. A 52-year-old man had widespread metastatic clear cell carc in oma th at had destroyed renal function and invaded the myocardium causin g congestive heart failure . He was ad mitted with hyperca lc in emi a, gastrointestinal bleeding, and severe sepsis. After 5 days he sudden ly became more confused and lapsed into coma. CT scan demonstrated delayed wedge enhancement. He died 12 
Group 2
Case 9. A 61-year-old man was admitted with chronic obstructive pulmonary disease, lobar pneumonia, and atrial fibrillation . He sudden ly became lethargic and developed hemiparesis . CT demonstrated zones of persistent contrast enhancement without delayed wedge enhancement. His mental status improved and, after cardi oversion , he was transferred to the ward with persistent hemiparesis and marginal pulmonary function. Ten days after admission he died of a cardiopulmonary arrest. No autopsy was performed.
Case 12. A 54-year-old male chronic alcoholic with squamous ce ll carc inoma of the lung suddenly became comatose and, for a short time, was noted to have a right hemiplegia. At the time of CT he was confused and aphasic. The CT showed a very small zone of persi stent contrast enhancement and an area of cortical nonenhancement. Chemotherapy and radiotherapy were administered without significant effec t. He deteriorated and died 45 days after ad mi ssion . Autopsy disclosed widespread metastases as well as brain and kidney infarction secondary to tumor in the left atrium. Anemic cerebral infarcti on was noted in areas identified on the initial CT ( fig . 5 ).
Group 3
Case 14. A 43-year-old man with disseminated adenocarcinoma of th e colon and recent left ventricular myocardial infarction suddenly developed right hemiparesis and Broca aphasia. CT demonstrated a zo ne of corti cal nonenhancement in th e anterior left insular area. Angiography demonstrated embolic occlusion of th e horizontal part of th e left middle cerebral artery. The patient steadily deteriorated and died 10 days later of aspiration pn eumonia. At autopsy, aortic valvular maranti c thrombi had embolized to spleen, left kidney, and brain. Anemic infarction was found in the territory of the left anterior and middle cerebral arteries.
Case 16. An 87-year-old man with history of old left myocardial infarction was ad mitted with left hemiparesis, left central seventh nerve paralysis, and confusion . He had congestive heart failure secondary to bradycardia from an atrioventricular block. CT showed (arrow). Microscopic examin ation showed ane mic infarction in cortex which enhanced . Additional zones of infarction and edema in white matte r of both hemispheres and convexity cortex on right. These infarctions presumably developed between initial scan and death 45 days later.
bilateral white matter cerebral edema and right posterior parietal corti cal nonenhancement. Vital signs were stable during CT examination an d the patient returned to the intensive care unit in satisfactory condition . One hour later he had cardiac arrest and died. At autopsy, a large bilateral pulmonary embolus was found. Anemic infarc tion was noted in the right parietal area and cerebellum.
Discussion
Human cerebral infarction is caused by a variety of factors which, separately or in combination , cause an inhomogeneous cerebral damage which kills 200,000 Americans each year [8] . There is no effective treatment currently available for this condition [9] and it is unlikely that appropriate therapy will be devised without first reaching a clear understanding as to why these patients die.
Data concerning human cerebral infarction has been garnered from serial angiograms of patients examined within 24 hr of cerebral embolization which shows that: (1) rapid fragmentation of initially demonstrable clot occurs in 38% of cases within 3 days after infarction, thus predisposing the patient to edema and hemorrhagic infarction [10] and (2) fragmentation of an embolus can cause extravasation of angiographic contrast medium and subsequent hemorrhagic infarction [11] .
CT scans without contrast infusion have been used to demonstrate zones of acute cerebral edema and hemorrhagic infarction . However, numerous very small hemorrhages in an edematous area can appear isodense because of volume averaging [12] . Furthermore, zones which will subsequently become hemorrhagic are not detected . Nineteen cases in the literature have been examined with contrast (30-40 g Iodine) CT within 48 hr after onset [1, 2] . There was immediate enhancement in only four of these cases [1] .
The incidence of hemorrhagic infarction in our series was 21 % (four of 18 patients with infarction). This is statistically comparable to the 18% reported by Fisher and Adams [13] in 373 consecutive autopsies of patients with cerebral infarction. In the series of Davis et al. [6] , the incidence of hemorrhagic infarction detected by CT performed within 48 hr after onset was 23.4 % (four of 17 patients). In that series, two patients developed hemorrhagic infarction 24 hr after their initial CT scan had shown no hemorrhage. The development of hemorrhagic complications depends on the reestablishment of flow through damaged vessels and a number of other considerations. The number of embolic rather than thrombotic cerebral infarctions in a series increases the incidence of hemorrhagic infarction, since 80% of embolic infarctions are hemorrhagic at autopsy [14] . Lengthening the initial ischemic event from 6 to 24 hr before reperfusion can increase the incidence of hemorrhagic infarction from 40% to 60 % in cats [15] . Increasing the collateral cerebral blood flow by hypercarbia or systemic hypertension in the primate 48 hr after permanent segmental occlusion of the middle cerebral artery transforms many anemic infarctions to hemorrhagic infarctions or hematomas. (These factors have no effect on acute anemic cerebral infarction less than 48 hr old [16] . The use of heparin in acute cerebral infarctions produced by stationary emboli in dogs increased both the incidence of hemorrhage and the overall mortality [17] . In this study, one patient with hemorrhagic infarction received heparin (table 1, case 2) and another had severe platelet deficiency (table 1, case 5). (The occurrence of hemorrhagic infarction in association with thrombocytopenia has been reported [18] .)
The administration of high doses of intravenous contrast material in primate models of cerebral infarction (fragmenting and stationary emboli) has not caused hemorrhagic transformation of anemic infarction or increased mortality [4, 19] . In fact, the intravenous administration of hyperosmolar solutions during the acute phase of cerebral infarction has been found to protect animals from the effects of cerebral infarction and produce a statistically significant reduction of histologically detectable residual brain damage [20, 21] . In human cerebral infarction studies , the effect of hyperosmolar solutions (glycerol , urea, contrast media) is more difficult to assess. To determine the effect of contrast media on the clinical outcome of patients with cerebral infarction, a prospective randomized study must be done in which patients with comparable initial clinical deficits receiv e either a contrast or a noncontrast CT scan. Uniform postscan therapy and vigilant reporting of subsequent infarctions which might affect outcome would be necessary. The number of cases in such a study would have to be large, since there are no criteria for accurately predicting the etiology of infarction (i.e ., thrombosis vs . embolization) . Until such a study is done, the effects of contrast media on cerebral infarction in humans cannot be scientifically evaluated .
In this connection, a limited retrospective study of consecutive patients with cerebral infarction has been carried out [22, 23] . It evaluated two groups: those with CT contrast enhancement in the area of infarction , and those in whom contrast was not given. Since it did not randomize entry into the study or match initial severity of the infarctions in eac h group, more patients with norm al precontrast scans were in the uninfused group; patients with larger lesions and mass effect were in the group that rec eived contrast. (In additi on, there was no statistical correction for the 10% of pati ents who were lost to follow-up .) The autho rs conc lud ed th at c ontrast infusion might have adversely affected th e c lini cal outcome of the cerebral infarction, but th eir d ata showed no statistically significant evidence to support thi s co nc lu sion .
Group 1
Correlation of delayed high dose scan and path o logi c specimen in four c ases demonstrated th at zones of infarction in which there was slow perfu sion and bl ood brain barrier damage (delayed enh ancement) have severe ti ss ue necrosis (seen 12 hr after sca n in fig . 1 ) whi c h may progress to hemorrhagic infarction (cases examin ed 1, 4 , and 10 days later; figs . 2-4) . Consider how th e sig nifi ca nce of th e CT observation of early, exten sive vasog eni c edema (d elayed enhancem ent) in humans correlates with th e finding s of other workers :
1 . In gerbils, a suppression of EEG activity after occ lu sion of the carotid artery temporarily return ed wh en c irc ul ati on was restored . However, mark ed suppression of EEG (mo re pronounced than that re cord ed imm edi ately after ca rotid occ lusion) occ urred as vasogeni c brain edema developed in the reperfused hemisphere. It wa s c onc lud ed th at edema was detrimental to the neuron as well as th e neurophil and caused subsequent progression of tis sue damage . Two theories were advanced for the development of vasog eni c edema in the reperfused vascul ar bed. First , th at th e loss of autoregulation in the tissue allows hyperemi a to develop when circulation is restored and thi s, in turn , is accompanied by vasogenic edema which causes brain damage. Seco nd , that chemical metabolites from damaged ti ssue cause blood brain barrier damage by increasing vascul ar pinocyti c transport [24] .
2. Rhesus monkeys with microemboli-induced wedgeshaped zones of vasogenic edema demonstrate tissue necrosis of areas that were never ischemic , demon strating th at the damage was caused by edema [25 , 26] . The edema occurred within a spec ifi c time . Extravasation wa s observed 15-60 min after mi c roembolization . It could not , however , be detected 2 or 4 hr after mi c roembolization (wh en extensive va sogeni c edema had already developed in the white matter , and whi c h pres umably had impaired perfusion of th e tracer) .
3. The temporal sequ ence of blood brain barri er leakage was also defined by Olsson et al [27] wh o noted blood brain barrier damage 2 hr after recirc ul ati on (after a 4-hr-lon g occ lusion of the middl e cerebral artery) in th e mo nkey. However, blood-brain barri er damage could not be demonstrated at 2 min or at 24 hr after c irc ul ation had bee n re establi shed indi ca ting th at vasogenic edema begin s some time after flow is rein stituted and persists for a disc rete interv al [27] .
Th e tim e during whic h thi s ph enomeno n occ urs in humans is not well und erstood , but our study shows th at massive contrast extravasation indi catin g vasogeni c edema (g roup 1) c an be detected 9 -24 hr aft er th e c lini ca l o nset of (or sudd en c lini cal deterio rati on in) a cerebral infarcti on.
4 . The sites of ischemi c vascul ar damage have been explored . Rapi d ly developing ultrastructural changes in cerebral cap ill aries and arterioles in several animal species subjected to brain ischem ia for pe ri ods of 5 min to 7 hr have bee n obse rved. It is postul ated that these mi crovasc ular changes may be the cause of th e damag ing vasogeni c ede ma [28] . Perm ea bility changes in larger cerebral vessels (" arte ri olae or ve nul ae" ) induced by transient occlusion of th e middle cerebral artery in monke ys allowed diapedesis and extravasati on of red blood cells (perivascul ar hemorrh age). In this anim al model no morph ologi c changes were seen in th e mi crovasc ul ature [ 29] . In hum an hemorrh agi c cereb ral infarc tio ns, hemorrh age occurs along small vessels and capill aries whi ch are distend ed with bl ood but are not necessaril y nec roti c [14 ] .
Group 2
The CT patte rn of imm edi ate and persistent enhance ment th at did not prog ress to wedge enh ance ment was c orrelated with a zo ne of anemi c infarcti on in one pati ent ( fig . 5 ) . In earli er animal work , we have demon strated this CT pattern of imm ed iate persiste nt gray matter enh ancement in baboons infarc ted with a frag menting mi crofil embolu s. An emi c infarcti on was demonstrated at autopsy in all but one anim al wh o recovered and whose autopsy was normal [4] .
Areas th at enhanced immedi ately represent well perfused zones with bl ood-brain barri er damage which may be transient. Alth o ugh ischemi c infarcti on is likely in these zones , this pattern (in co ntrast to th at of grou p 1) does not seem to provide a reli able predi ctive sign of irreversible brain damage. Th e areas of brain ex hibiting thi s pattern were not extensive.
Gro up 3
The CT pattern of absent normal enhancement of gray matter in this se ri es was c orrelated with anemic infarction at autopsy in two pati ents and small zones of petechial hemorrhage within a zone of anemi c infarction in the autopsy of another pati ent (fi g. 3). Thi s CT pattern c orrelated with anem ic infarc ti on in 13 baboons infarcted with stationary emboli in th e midd le cerebral artery [19] . In th at study , low density zones appeared on CT 1 2 -2 4 hr after embolization , alth ough immedi ate and delayed high dose contrast CT scans at 6 hr fa iled to demonstrate enhance ment within th e zo ne of anemi c infarction. The in ability of th e delayed hi gh dose technique to detect edema caused by a stati onary embolu s probab ly ind icates th at even prolonged high blood iodin e levels [Haym an LA , Nell J, Feldm an S, unpublished data] are inadeq uate to detect infarcted areas whi ch have virtuall y no perfu sion. Thi s pattern is best seen on th e im medi ate contrast CT. The delayed high dose scan was useful in documen ting th at con trast extravasation had not occ urred.
Group 4
No CT abnormality was demonstrated in patients with transient ischem ic attacks. Th e abse nce of gross morpholog ic chang es in these pati ents shoul d disc ou rage the use of co ntrast CT for evaluati on of patients with a c lini cal prese ntati on classicall y assoc iated with transient isc hemic attac ks.
Conc lusion
The CT tec hni que described in th e present paper enabl ed us to separate pati ents with severe vasogeni c edema who we re at ri sk of hemorrh ag ic infarcti on (d elayed enhancement in the infarcted zone, group 1) from pati ents without severe vasogenic edema (anemi c infarction) who developed immedi ate and persisting patchy gray matter enhanc em ent (grou p 2) or onl y nonenh ancement of involved gray matter (group 3 ). We realize that there may not be an effecti ve treatm ent beyond supportive measures for eith er type of infarcti on , but it wo uld see m prud ent to avoid anticoagul ation , rea nastamosis, or endarterectom y when vasogenic edema whic h has been experim entall y shown to precede the hemorrh age is detected on a delayed high dose CT scan . In add iti on , the ability to ascertain whi ch pati ents are at ri sk from vasoge ni c edema and subsequent hemorrh age enabl es inform ed selection of pati ents for future ex perim ental therapeuti c regim ens. The use of high dose c ontrast in ac ute infarc ti on has not affected the course of cerebral infarcti on in two experim ents with prim ate model s and its use does not seem to have c hanged the outcome as predicted by the c rite ri a used by Frithz and Wern er [5] in th e 2 0 cases examined in thi s se ri es.
